Abstract. In December 2006, Rift Valley fever (RVF) was diagnosed in humans in Garissa Hospital, Kenya and an outbreak reported affecting 11 districts. Entomologic surveillance was performed in four districts to determine the epidemic/epizootic vectors of RVF virus (RVFV). Approximately 297,000 mosquitoes were collected, 164,626 identified to species, 72,058 sorted into 3,003 pools and tested for RVFV by reverse transcription-polymerase chain reaction. Seventyseven pools representing 10 species tested positive for RVFV, including Aedes mcintoshi/circumluteolus (26 pools), Aedes ochraceus (23 pools), Mansonia uniformis (15 pools); Culex poicilipes , Culex bitaeniorhynchus (3 pools each); Anopheles squamosus , Mansonia africana (2 pools each); Culex quinquefasciatus , Culex univittatus , Aedes pembaensis (1 pool each). Positive Ae. pembaensis , Cx. univittatus , and Cx. bitaeniorhynchus was a first time observation. Species composition, densities, and infection varied among districts supporting hypothesis that different mosquito species serve as epizootic/ epidemic vectors of RVFV in diverse ecologies, creating a complex epidemiologic pattern in East Africa.
INTRODUCTION
Rift Valley fever (RVF) is a mosquito-borne viral zoonosis, which periodically causes disease outbreaks in humans and livestock and is known to have been endemic in subSaharan Africa since 1912. 1 The zoonosis is caused by RVF virus (RVFV), a member of the Phlebovirus genus of the Bunyaviridae family. The virus was first isolated in 1930 from a sheep during an epizootic at a farm by Lake Naivasha in the Rift Valley Province of Kenya. 2 Transmission to humans is thought to occur through direct contact with tissues and blood of infected animals, and by the bite from an infected mosquito.
Before the 1977 outbreak in Egypt, RVF was considered a disease of livestock with little impact on humans. 3 Since then, periodic outbreaks associated with widespread involvement of livestock and acute febrile illness with hemorrhagic syndrome in humans have been reported in many African countries, as well as Saudi Arabia and Yemen. [4] [5] [6] [7] [8] [9] [10] [11] The last major RVF outbreak occurred in eastern Africa in 1997-1998 and affected Tanzania, Somalia, and Kenya, where an estimated 27,500 human cases, and ≥ 170 deaths, were reported to have occurred. 11 Although some of these cases have since been attributed to Ngari virus. 12 Entomologic investigations during that outbreak were minimal and many questions remained unanswered regarding the epidemic/epizootic vectors of the virus in Kenya and elsewhere.
Outbreaks of RVF have previously been associated with unusually heavy rainfall, the extensive flooding of low lying grassland depressions called dambos , and the mass emergence of flood water Aedes mosquitoes. 13 Rift Valley fever virus has been isolated from more than 40 species of mosquitoes from eight genera. 6, 14 and laboratory studies indicate that numerous species of mosquitoes and sand flies are susceptible to oral infection, some of which are able to transmit RVFV by bite. 6, [15] [16] [17] [18] [19] Evidence suggests that in certain Aedes species of the subgenera Neomelaniconion and Aedimorphus , the female mosquitoes may transmit RVFV vertically to their eggs. 20 When these mosquitoes lay their eggs in flooded areas (including dambos ), transovarially infected adults may emerge and transmit RVFV to nearby domestic animals, including sheep, goats, cattle, and camels. High viremias in these animals may then lead to the infection of secondary arthropod vector species including various Culex species, followed by the spread of this virus to additional animals and humans. 13, 21, 22 Given the recent global spread of emerging pathogens such as severe acute respiratory syndrome (SARS), West Nile, and Chikungunya viruses, it is critical to understand the mechanisms underlying their maintenance and transmission in nature. Before this outbreak, climatic modeling studies predicted heavy rains in Kenya in October 2006 and that the heavy rains would potentially trigger an RVF outbreak. 23 The advanced warning of increased RVF risk in East Africa enabled rapid emergency response planning that resulted in a comprehensive field investigation during the peak of virus transmission and spread of the disease.
The outbreak. In mid-November of 2006, heavy and persistent rainfall led to flooding throughout much of northeastern Kenya and Somalia. Satellite-based monitoring indicated significant Normalized Difference Vegetation Index (NDVI) anomalies, and increased likelihood of RVF transmission. 24 In mid-December, mosquito surveillance was initiated in Garissa District of the North Eastern Province of Kenya the focus of the 1997-1998 outbreak. Concurrently, the Kenyan Ministry of Health received reports of unexplained fatalities associated with fever and generalized bleeding in Garissa. 25 Rift Valley fever virus RNA or immunoglobulin M (IgM) antibodies against RVF virus were detected in blood specimens from 10 of the initial 19 patients tested (Nguku P, unpublished data ). Reports of livestock deaths and unexplained animal abortions in the area provided further evidence of an RVF outbreak.
Vector-Borne Infectious Diseases (CDC-DVBID), Fort Collins, CO and the Navy Medical Research Unit No. 3 Cairo, Egypt. The team focused on evaluating the entomologic parameters that contributed to the epidemic; specifically, to determine the mosquito species composition, the abundance of known and potential mosquito vector species, and to conduct virus testing to identify the species most likely involved in virus transmission in the affected areas. Our goal was to learn more about the vectors involved in virus maintenance and transmission during outbreaks, information that could be used to forecast risk and facilitate improvement of prevention and response tools for use in preventing or controlling future outbreaks.
MATERIALS AND METHODS
Study sites. Studies were undertaken at four ecologically distinct communities in eastern, central, and western Kenya where RVFV activity was detected in humans or livestock ( Figure 1A ). The first cases of RVF were reported from the Garissa district, which is located in the North Eastern Province of Kenya bordered by the Tana River to the west and Somalia to the east ( Figure 1B ). The district is characterized as an arid area with Somali Acacia-Commiphora bushlands and thickets. Rainfall is sporadic, averaging approximately 200-500 mm per year, with occasional torrential storms causing extensive flooding. The average temperatures range from 20 to 38°C and the altitude varies from 70 to 400 m above sea level. The soil is generally sandy with scattered areas of dark clay that tend to retain water after the rains and serve as watering holes and grazing land for livestock and wild animals. The sparse population (~7 people/km 2 ) 26 of the district is found concentrated around the water sources and also around small market centers. The people are largely nomadic, moving between districts with their large herds in search of water and pasture land. The collection of arthropods was conducted between December 15, 2006 and March 3, 2007 at 20 sites within an estimated 100 km radius of the provincial capital of Garissa ( Figure 1B ) .
The city of Kilifi, located in Kilifi district, Coast Province, is 318 km south of Garissa ( Figure 1C ) . The district contains a moderately dense population (~114 people/km 2 ), 26 and the vegetation is characterized by a mix of East African mangroves and northern Zanzibar-Inhambane coastal forests that are comprised of dense woods, swamps, dry scrub, and commercial plantations. 27, 28 Annual rainfall for the district ranges from 750 to 1,200 mm, while the average temperature maximum is 30°C. 29 The soils are fertile and subsistence farming of corn, coconut, goats, chicken, and cattle is widespread. The collection of vectors was conducted between 12 January and 1 February 2007 at 10 homesteads that were associated with confirmed or suspected RVF cases or at sites nearby ( Figure 1C ) . Nine of the homesteads were within a 120 km transect of each other and no further than 6 km from the coast. The remaining homestead was inland, about 30 km west of the other homesteads.
Kirinyaga is located in the highland region of the Central Province of Kenya, approximately 100 km northeast of Nairobi, on the southern slope of Mount Kenya ( Figure 1A ). At 1,113 to 1,623 m above sea level, the collection sites were typified by East African montane forests and northern Acacia-Commiphora bushlands and thickets. The mean daily temperatures range from 16 to 26°C, with an annual rainfall of approximately 950 mm. 30 This densely populated district is home to more than 500,000 people (> 300 people/km 2 ). 26 The primary occupation is agriculture, including subsistence farming of corn, beans, and potatoes; cash crop farming of tea and rice, and the raising of both exotic and indigenous livestock. Mosquitoes were collected from four locations around the district from 6 to 8 February 2007 ( Figure 1A ) .
Baringo District is located in the Rift Valley Province of Kenya, 250 km northwest of Nairobi. The low lying arid part of Baringo consists of northern Acacia-Commiphora bushlands and thickets and has experienced severe land degradation caused by uncontrolled grazing. Harsh physical and climatic conditions have led to a sparsely populated district (average of 31 people/km 2 ) 26 where the local inhabitants, classified as agro pastoralists, subsist mainly on limited crop production and livestock rearing. The collection of arthropods was conducted at three sites near Lake Baringo (elevation ~980 m) where the annual rainfall ranges from 300 to 700 mm, and the daily temperature varies between 16 and 42°C. 31 Trapping was conducted from 13 to 15 February 2007 around flooded marshland ~2.2 km west of Lake Baringo and along the Molo river, south of the lake ( Figure 1D ).
Vector collection and identification. Arthropods were collected from areas where confirmed or suspected RVF cases were previously reported. Mosquitoes and sand flies were sampled using CO 2 -baited CDC light traps placed outdoors approximately 1 hour before sunset and collected 1-3 hours after sunrise the next day. Mosquitoes were typically anesthetized using triethylamine, 32 identified to species, and pooled (≤ 25 mosquitoes per pool) by species, sex, collection date, and site and frozen at −80°C for later testing. When large numbers of mosquitoes were trapped, they were killed by freezing, immediately stored in 15 mL centrifuge tubes, and transported in a liquid nitrogen shipper to the laboratory where they were identified on ice and pooled as indicated for testing. During mosquito identification, all specimens with blood in their abdomens (blood fed) were sorted out and preserved singly in vials for subsequent blood meal analysis in a separate study.
In selected locations, ticks were collected from infested animals, placed in 15 mL centrifuge tubes, stored in a liquid nitrogen shipper, and transported to the laboratory for identification and testing. Mosquitoes and ticks were identified to species using various taxonomic keys. [33] [34] [35] [36] [37] [38] Representative pinned specimens of the important species were sent to Walter Reed Biosystematics unit in Silver Spring, MD and to the taxonomy unit of the Arthropod Borne and Infectious Diseases laboratory, CDC, Fort Collins, CO, for verification of the identification.
Parity determination. Parity was determined for a limited number of mosquitoes because of concerns that some mosquito collections might be composed largely of newly emerged, unfed females that would likely be uninfected. A sub-sample of pools of probable vector species, and of species with a high relative abundance was evaluated to estimate parous rates. Females from selected pools were placed on a microscope slide and their ovaries dissected into a drop of distilled water. 39 After drying, the ovaries were graded as parous (evidence of previous blood feeding and egg production) or nulliparous (no evidence of egg production). Forceps and other instruments used during the dissections were dipped in 70% ethanol and flame sterilized after dissections of a pool to eliminate transfer of virus between pools. Following the dissections, the remaining mosquito bodies were repooled for virus testing. Differences in parous rates were analyzed by X 2 using the Vassar Stats software ( http://faculty.vassar.edu/lowry/VassarStats.html ).
Arthropod processing. Mosquito pools (≤ 25 mosquitoes per pool) were homogenized in 1.5 mL microcentrifuge tubes containing one 4.5 mm copper bead and 0.75 mL minimum essential medium (MEM) supplemented with 2% fetal calf serum, 2 mM glutamine, antibiotic mixture (fungizone, 100 U/mL penicillin, and 100 U/mL streptomycin) and vortexed for 2 minutes, or until all the mosquitoes were homogenized. The homogenates were clarified by centrifugation at 4°C and 12,000 rpm for 10 minutes, and the resulting supernatants were immediately processed further or stored at −80°C. Trituration and manipulation of arthropod homogenates was carried out in a biosafety level 3 (BSL-3) containment laboratory. Ticks were pooled in groups of five to 10, depending on their size and were homogenized in MEM using pre-chilled mortars and pestles, and the resulting homogenates were clarified as described previoiusly.
Viral RNA extraction and reverse transcription-polymerase chain reaction (RT-PCR). Rift Valley fever virus has the potential to cause serious to fatal hemorrhagic disease in humans and to cause laboratory infections through aerosolized infectious material. To minimize the potential of laboratory exposure at the KEMRI laboratory, samples were inactivated by the addition of Trizol-LS (Invitrogen Inc ., Carlsbad, CA) reagent at biosafety level 3 (BSL3) before RNA extraction and RT-PCR screening at biosafety level 2 (BSL2).
Viral RNA was extracted from mosquito homogenates using Trizol-LS reagent according to the manufacturer's instructions and as modified by O'Guinn and colleagues. 40 Briefly, 0.25 mL of mosquito homogenate was combined with 0.75 mL Trizol-LS reagent and processed to yield purified total RNA. The final RNA pellet was resuspended in 12 μL of nucleasefree water and then stored on ice or frozen at −80°C.
The RNA was converted into complementary DNA (cDNA) as previously described 40 with minor modifications Briefly, 10 μL of RNA was combined with 2 μL of random hexamer (100 nmol) in a dome-topped PCR tube and placed in a thermal cycler programmed as follows: 70°C for 10 minutes to denature the sample then 4°C for 5 minutes. Next, 4 μL of 5X buffer, 2 μL of 0.1 M DTT, 0 μL or 0.25 μL of RNase Inhibitor (40U/μL), 1 μL of Superscript II or III reverse transcriptase (Invitrogen, Inc.), and 1 μL of 10 mM dNTP (Invitrogen, Inc.) was added, the sample spun down, and then heated at 25°C for 15 minutes, 42°C for 50 minutes, 70°C for 15 minutes, then held at 4°C or stored at −20°C.
The PCR amplification of targeted viral sequences was accomplished either as described by O'Guinn and colleagues 40 or as follows. Each 25 μL reaction contained, 2.5 μL of 10X PCR buffer, 1 μL forward primer (50 pmole), 1 μL of reverse primer (50 pmole), 0.5 μL of 10 mM dNTP, 18.7 μL of water, 0.3 μL of Taq polymerase, and 2 μL of cDNA. Amplification conditions were 94°C for 3 minutes, followed by 35 cycles of 94°C for 30 seconds, 50°C for 30 seconds, 72°C for 45 seconds, and then 72°C for 7 minutes, followed by a final hold at 4°C. Positive control cDNA and a no template negative control were also included in each set of PCR reactions. Two sets of primers targeting either a 735 or a 551 base pair fragment of the M segment of RVFV were used during the PCR testing ( Table 1 ) .
Electrophoresis of the PCR products was conducted using either 2% pre-cast E-gels (Invitrogen, Inc.) by using 1% agarose gels and Tris-acetate EDTA buffer containing ethidium bromide. The PCR product bands were visualized using a UV transilluminator and recorded using a Polaroid camera (Polaroid, Waltham, MA) and 667 Polaroid film.
Laboratory sequencing of the PCR amplification product from a subset of processed mosquito pools that tested positive for RVFV was conducted as previously described, 40 briefly as follows. Purification of the PCR product was done using QIAquick PCR purification kit (Qiagen, Valencia, CA) following manufacturer's instructions. Sequencing was accomplished using ABI PRISM Dye terminator cycle sequencing kits (according to the manufacturer's directions) and using the ABI 3100 automated sequencer (Applied Biosystems, Foster City, CA). Sequences were compared using the MegaAlign program (Lasergene analysis software, DNASTAR, Inc., Madison, WI).
The pooled infection rate (IR) program was used to estimate infection rates and 95% confidence intervals (CI) for species from which RVFV was identified (PooledInfRate, Centers for Disease Control and Prevention, Fort Collins, CO: http://www .cdc.gov/ncidod/dvbid/westnile/software.htm ).
Virus isolation. Aliquots of RVFV RT-PCR negative mosquito pools were shipped to CDC, Fort Collins where they were tested by virus isolation. Clarified mosquito pool homogenates were tested by plaque assay in Vero (African green monkey kidney) cells as previously described using 50 μL of each mosquito pool supernatant. 22 The second overlay was applied 4 days post infection and plates observed for viral plaques through 11 days post infection. Plate wells in which plaques were observed were harvested by removing the agarose overlay, and resuspending the cells in 1 mL Dulbecco's minimal essential medium (DMEM) supplemented with 15% fetal bovine serum (FBS; Inventrogen Inc.). Viruses were amplified by infecting T-25 flasks of Vero cells with 25 μL of each plaque isolate in DMEM with 2% FBS. Flasks were observed and supernatants were harvested when cytopathic effects were evident. Virus isolates were identified by RT-PCR and sequencing.
RESULTS

Entomological collections.
More than 297,000 mosquitoes were collected, and 164,626 were identified as belonging to 36 species in nine genera. A total of 72,058 of these were sorted into 3,003 pools and tested for RVFV ( Table 2 ) . Mosquito densities differed dramatically among the ecologically distinct districts where the mosquitoes were collected. In Garissa and Baringo, peak abundance exceeded 5,000 mosquitoes per trap per night ( Table 3 ). In contrast, mosquito counts in Kilifi and Kirinyaga never exceed 100 mosquitoes per trap-night. Species diversity also differed greatly among the different districts ( Table 2 ). In Garissa, 72.3% of the mosquitoes identified were floodwater Aedes species in contrast to the predominance of Mansonia spp. (87.0%) in Baringo. Notably, Culex poicilipes , an important RVFV vector in West Africa, was abundant in Garissa (10.0%) and Kilifi (38.6%), but scarce in Baringo (1.1%) and Kirinyaga (0.2%) ( Table 2 ). In Kilifi, the most abundant species were Cx. poicilipes and Aedes pembaensis (23.2%), whereas Culex quinquefasciatus (29.5%), Culex annulioris (15.3% ), and a large proportion ( Table 2 ) . Mansonia uniformis and Mansonia africana were found in overwhelming numbers (> 5,000 mosquitoes/trap night) in Logumgum, one of the RVF affected villages in Baringo. Other mosquito species collected that were previously associated with RVFV, included Anopheles pharoensis and Anopheles coustani , both trapped in Garissa and Baringo ( Table 2 ) . One mosquito species, Ae. pembaensis , the crab hole breeding mosquito, was only collected near mangrove swamps in Kilifi.
Initial attempts to systematically collect other hematophagous arthropods like sand flies and ticks, quickly exceeded the resources of the team. In Garissa, 910 ticks representing 10 species from four genera were from cattle, sheep, and camels. Rift Valley fever virus was not detected in any of the tick pools. Only a limited number of sand flies and biting midges were collected and none were tested.
Parity determination. A total of 803 mosquitoes from El-Humow, Garissa District, were dissected for parity determinations ( Eighteen RVFV isolates were identified by virus isolation from RT-PCR-negative pools of Ae. mcintoshi/circumluteolus (8 isolates), Ae. ochraceus (7 isolates), Ma. africana (1 isolate), and Ma. uniformis (2 isolates) collected at the Desai (6 isolates) and El-humow (9 isolates) sites in the Garissa district and the Logumgum site in the Baringo district (3 isolates) (BLAST identities > 99%).
Estimated infection rates (bias corrected, maximum likelihood) of RT-PCR positive pools for a subset of locations are presented in Table 3 . Infection rates per thousand mosquitoes ranged from 0.83 to 10.65 (for both Ae. mcintoshi/circumluteolus and Ae. ochraceus ) in Garissa District, with most IR being < 3.00. In Baringo District, the IR varied from 0.33 in Ma. africana to 18.1 in Cx. univittatus . However, this high rate for Cx. univittatus is probably misleading because of the small sample size (one of two pools tested positive with an estimated one infected mosquito of the 50 mosquitoes tested). In Kilifi District IR ranged from 0.65 in Ae. pembaensis to 6.92 in Cx. bitaeniorhynchus , and again, the higher IR may be biased by the relatively small sample size.
DISCUSSION
Previous epizootics of RVF in Kenya have been correlated with the flooding of dambos after unusually heavy and persistent rainfall. 20, 23 Such flooding then leads to the hatching of immense numbers of floodwater Aedes species, which are considered to be the reservoirs of the virus. 41 Colonization of the flooded sites by Culex , Anopheles , Mansonia , and other genera, are thought to contribute to further virus transmission and spread. Based on remotely-sensed rainfall and sea surface temperature anomalies, and on reports of extensive flooding in North Eastern Kenya, mosquito surveillance was initiated in Garissa District in mid December 2006. Laboratory confirmation of RVF affecting humans and livestock in Garissa in December was followed by case confirmation in seven other Kenyan districts (and in Somalia and Tanzania) over the ensuing four months. Entomologic investigations were carried out in four of the RVF-affected districts in Kenya, and RVFV was detected in 77 mosquito pools encompassing 10 mosquito species from three of the four districts. This report represents the first comprehensive entomologic investigation to be carried out during a RVF epidemic in Kenya.
The RVFV was detected in multiple pools of Ae. mcintoshi/ circumluteolus and Ae. ochraceus collected in Garissa by RT-PCR and additionally by virus isolation from some of the RT-PCR negative pools. This, coupled with their high abundance in the area during the outbreak, suggests that these species may have played an important role in the epidemic/epizootic transmission of RVFV during this outbreak, and may have also contributed to the transmission of this virus during the 1997-1998 outbreak of RVF in Garissa. Identification of infected Ae. ochraceus in Garissa represents a new RVFV-vector association in East Africa. It is noteworthy that although Ae. ochraceus is a known vector of RVFV in West Africa, along with Ae. vexans arabiensis and Ae. dalzieli . Aedes vexans arabiensis it is also a vector of RVFV in Saudi Arabia 14, [42] [43] [44] [45] and although the species has not been documented in Kenya, it has been found in neighboring Somalia and Sudan. 33, 46 Aedes mcintoshi/circumluteolus are members of the Neomelaniconion subgenus while mcintoshi was originally identified as lineatopennis by Edwards 33 and both were later speciated by Huang 47 and documented as reservoir and vector of RVFV in Kenya. 20 In Kenya, RVFV was previously detected in Ae. mcintoshi reared from field-collected larvae. 20 However, because little is known about the ability of Ae. ochraceus to transovarially transmit RVFV, investigations on the role of this species in the maintenance of the virus between epidemics in Garissa are critically important. Other members of the subgenera Neomelaniconion and Aedimorphus that have previously been found infected with RVFV, such as Ae. circumluteolus , Ae. dentatus , and Ae. cumminsi 20 should likewise be assessed for transovarial transmission of RVFV as a mechanism for virus maintenance between epidemics.
The detection of RVFV from two pools of An. squamosus from Garissa adds to the list of species that are potentially involved in the transmission of RVFV in Kenya, especially because this species is widespread in Africa. Because An. squamosus uses a large variety of larval habitats, including standing pools of water, sluggish streams, and rice fields, 48 and is known to feed on livestock and humans, its status as a RVFV vector deserves further evaluation.
Dissection of mosquitoes to determine parity for four mosquito species from Garissa revealed that the highest parity rates were associated with Ae. mcintoshi/circumluteolus and Ae. ochraceus (71-95% and 96-100%, respectively); the parity rates for Cx. poicilipes and An. squamosus were substantially lower. This pattern is consistent with previous studies in Kenya showing that when dambos are flooded after heavy rains, the first species to emerge are floodwater Aedes , including Ae. mcintoshi/circumluteolus caused by hatching of eggs deposited during previous flooding cycles. 49, 50 Culex and Anopheles larvae appear later, as gravid females use the newly-flooded sites for oviposition . Thus, the lower parity rates observed in Cx. poicilipes and An. squamosus may be caused by a later appearance of these species at the flooded sites. Studies of mosquito species succession in irrigated rice fields in East and West Africa have shown that Cx. poicilipes was most commonly found 6 or more weeks after flooding of the fields, 51, 52 and that adult abundance remained high for an extended period. 51 Information on An. squamosus larval development and adult emergence is sparse. Although the IR for Ae. mcintoshi/circumluteolus and Ae. ochraceus were slightly higher than that determined for An. squamosus and Cx. poicilipes , the overlapping confidence intervals renders these differences non-significant.
In Baringo, Ma. africana and Ma. uniformis were collected in abundance. These species are known to breed around flooded areas or around the edges of water bodies containing emergent vegetation, and to feed predominantly on livestock. The RVFV was previously isolated from Ma. africana during the 1989 RVF outbreak in Naivasha, Kenya, Uganda, and the Central African Republic. 53, 54 The detection of RVFV from multiple pools of Ma. uniformis in this survey and additional isolation from two RT-PCR negative pools by cell culture provided the first evidence that this species may have a role in RVF epizootic tranmsission in Kenya. This too calls for further experimental evaluation of the vectorial capacity of the species.
The RVFV was also detected in pools of Cx. pipiens and Cx. univittatus collected in Baringo. Culex pipiens was previously implicated as a vector during the RVF epidemic that occurred in Egypt in 1977 3 and a number of vector competence studies have also showed the efficiency of this and other Culex species to act as a vector for RVFV. 16 Even though Cx. univittatus has not previously been found infected with RVFV, it is a known vector for West Nile virus in Africa, 55 belongs to a complex composed of several species one of which, Cx. perexiguus , has been found through experimental studies to efficiently vector RVFV. 19, 46 This observation calls for vector competence evaluation of this species as well.
In response to human cases of RVF in Kilifi, traps were set around homes and near the costal mangrove swamps. Culex poicilipes , Cx. bitaeniorhynchus, and Ae. pembaensis were the most abundantly collected species, and yielded three, three, and one RVFV isolates, respectively. Aedes pembaensis is not known to be a vector of RVF and has never been associated with the virus in nature. Aedes pembaensis breeds along the seashore in association with crabs that live in the mangrove swamps. Female Ae. pembaensis mosquitoes lay their eggs on the crabs and the larvae develop in saline pools near the shore. Lumbo virus (a member of the California serogroup) is the only documented virus that has been isolated from this species. 56 In comparison, high IR of 6.92 for Cx. bitaeniorhynchus and the relatively high IR of 1.28 for Cx. Poicilipes was recorded. Previous field collections of Cx. poicilipes in Mauritania after the 1998 RVF outbreak showed that this species was naturally infected with RVFV, whereas there is no documented association of Cx. bitaeniorhynchus with RVFV. There was no cell culture virus isolation obtained from the RT-PCR negative samples of these species. These high IRs would justify initiation of vector competence studies to evaluate the role of these species in RVFV transmission.
More human cases of RVF were reported from Garissa and Baringo than from the other nine affected districts. Although previous RVF epizootics have been associated with periods of excessive seasonal rainfall, it has been suggested that RVF primarily affects inhabitants of the dry lands of the Rift Valley and the outlying semiarid and arid grazing lands, to include the Garissa and Baringo districts. 57 These districts are home to predominantly pastoral communities and about two-thirds of the RVFV positive pools were from mosquitoes collected in Garissa, and all except two of these were from floodwater Aedes species. The flood plains in northeastern Kenya provided an ideal habitat for the tremendous blooms of floodwater Aedes, which presumably initiate the RVF outbreak. With several years elapsing between major flooding events, the immunologically naïve and unvaccinated livestock populations 6 would presumably have developed high-titered viremias after being bitten by an infected floodwater mosquito. Those infected animals could then infect secondary and inefficient mosquito vectors that could then sustain and contribute to the spread of the virus to more livestock and humans. 58 Sheltering in close proximity to livestock during epizootics has also been previously observed as one predisposing factor relating to RVFV infections in humans. 11 About 24% of the RVFV positive mosquito pools were obtained from Baringo, and were mostly Mansonia species, which are known to feed preferentially on livestock and humans. The large herds maintained in Garissa and Baringo may have provided abundant blood meal sources for the initial floodwater Aedes mosquitoes, thus setting up a situation for transmission between the livestock and the Aedes and Mansonia species mosquitoes, and subsequent high human exposure. A similar situation may have existed in the other districts, except that different mosquitoes species may have been involved. The infection rates for Ae. ochraceus and Ae. mcintoshi/circumluteolus recorded in El-Humow (1.94 and 1.96, respectively) and Kurabull (2.5 and 2.19, respectively), Garissa district, indicate that the level of infected vectors present where the humans and livestock lived in close proximity would have contributed to an increased risk for human infection by RVFV. It was anticipated that exclusion of blood fed mosquito specimens during sample screening would reduced the chance of detecting virus contained in host blood.
In Kirinyaga, unlike the other sites, mosquito numbers were much lower (27 mosquitoes per trap per night) ( Table 3 ) and less than 1% of the collected mosquitoes consisted of flood water Aedes species. Culex quinquefasciatus , a known vector of RVFV, was the most abundantly collected mosquito, followed by Cx. annulioris , a mosquito species linked to RVFV transmission in Madagascar. 58 Although RVF was reported in the Kirinyaga area during this outbreak, RVFV was not detected in any of the mosquitoes collected from that area; an observation attributable partly to the timing of vector collection and partly to the prevailing climatic conditions and agricultural practices in the district. Kirinyaga is a humid highland area that is not prone to the extensive flooding such as that seen in Garissa or parts of Baringo, and hence is not suited for the emergence of abundant floodwater Aedes mosquitoes. Furthermore, it has been suggested that the hatching of floodwater Aedes in the highland areas occurs more frequently, but at reduced levels, thus allowing for low level enzootic transmission of the virus during the frequent rains. 59 Finally, the susceptible livestock populations in Kinrinyaga were smaller and most may have some level of immunity to RVFV caused by previous enzootic transmission, thus avoiding the explosive outbreaks as those observed in Garissa and Baringo.
Our entomological surveillance during the 2006-2007 outbreak of RVF in Kenya has shown that RVFV transmission occurred in a variety of distinct ecological regions, and that vector species composition and abundance was different for each of these regions. This, and the newly observed RVFVmosquito associations, underscores the need for further studies to understand the ecological factors that influence the distribution of mosquitoes and to determine the vectorial capacity of these mosquitoes for RVFV in Kenya. The distribution and abundance of floodwater Aedes that serve as the primary vectors and suspected reservoirs of RVFV in virus emergence zones, together with the secondary vectors that may participate in virus transmission must be mapped out in Kenya and other epidemic prone countries in the region if relevant and effective control measure are to be formulated aimed at combating the spread of this virus. Monitoring of the El Nino/ Southern Oscillation (ENSO) events will also help in predicting above normal rainfall in East Africa, 57 and may help relevant authorities to more effectively prioritize and optimize their resources by targeting control efforts at appropriate vector habitats ahead of outbreaks in an effort to minimize livestock and human exposure in the future.
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